Abstract The effects of sudden changes in external Ca concentration on the time courses of the changes in size of the action potential and of the associated contraction in a single crayfish muscle fiber were investigated. Procaine-HC1 was added to the bathing solution to make the muscle fiber excitable. The concentration of the divalent cations (Ca and Mg) was high enough to keep the threshold potential constant. In Ca-free solution, neither action potential nor contraction was observed. When the external Ca concentration was suddenly increased from 0 to 14 mM, the full sized action potentials were generated within several seconds, but the tensions recovered slowly in an exponential time course with the time constants of 15-40 sec depending on the muscle fiber radius. The tension recovery was further delayed by addition of Dextran to the bathing solution, and it was also slowed at temperatures as low as 4-5°C. When the Ca concentration was changed from 14 mM to 0 mM, the decrease in action potential was slow rather than instantaneous. The delay in tension recovery was attributed to the diffusion time of Ca ions into the TTS, and it was suggested that the Ca entry through the TTS membrane was the first step in the excitation-contraction coupling of the crayfish muscle fibers. The diffusion coefficient of Ca ions inside the TTS was calculated from the recovery time of tension development. It was one order smaller than that in free solution.
depolarization is necessary to produce the contraction of the crustacean muscle.
According to ATWATER et al. (1974) , the amount of entering Ca that was estimated from the Ca inward current or 45Ca influx during controlled depolarization would sufficiently explain the contraction, if the entering Ca had been distributed uniformly in the myoplasm. MOUNIER and VASSORT (1975) found that the reversal potential for Ca current was lower than expected from Ca electrode , and they explained that Ca concentration close to the inner surface of the membrane would be higher than the average concentration. It is also possible that Ca concentration close to the outer surface would be lower than the bulk concentration .
The aim of the present work is to investigate the effects of the sudden changes in the external Ca concentrations on the mechanical and electrical responses of the crustacean muscle and to obtain information on the Ca movement inside the TTS. Some of the results were presented at the XXVIIth International Congress of Physiological Sciences (MATSUMURA and HINO, 1977 the all-or-none action potential. For this purpose, procaine-HCl (Sigma Chemical Co.) was added to the bathing solution.
The solutions contained constant concentration of Cl, and high concentration of Ca and Mg. Tonicity of the solution was adjusted by addition of sucrose, 329 mM sucrose being taken to be isotonic to 200 mM NaCl. The compositions of the solutions were shown in Table 1 . Mixing solutions (2) and (4) with the various ratios gave the optional concentrations of Ca with the constant concentration of MgCl2, whereas mixing solutions (2) and (3) gave the solutions of Ca concentrations under the constant sum of Ca and Mg. A viscous solution was prepared by addition of Dextran-20 at the concentration of 10 w/v %, as described by CAPUTO and DIPOLO (1973) and HINO (1977) . The experiments at low temperatures were carried out by allowing previously cooled solutions to flow. The temperature of the solution in the muscle chamber was detected by thermister thermometer placed close to the muscle fiber. The distance for the action potential conduction along the longitudinal axis was different from one fiber to another, and it was independent of the strength and the duration of stimulating current. The increase in Ca concentration from 14 to 28 mM did not extend noticeably the distance for conduction. Probably, the distance for conduction in three dimensions would depend mainly on the geometrical arrangement of the cable properties (TOMITA, 1975) . Figure 2C , D shows the distribution of the electrotonic potential caused by the subthreshold current. Calculation from the finite cable model indicated that the resistance of the resting membrane was not affected by the change in Ca concentrations when high concentrations of divalent cations (Ca+Mg) were contained in the medium solution. All these findings suggest that the changes in tension between 10.5 and 28 mM Ca are mainly due to the changes in the degree of activation and not to the changes in the number of the contracting sarcomeres.
3. Time course of action of Ca on action potential and contraction Figure 3 shows a series of records of the stimulating current, the membrane potential, and of tension taken every 5 sec after the sudden changes in Ca concentration from 0 to 14 mM. The 14 mM Ca-solution was prepared by mixing the solutions (2) and (3) in Table 1 . When the external Ca-free solution was suddenly replaced with 14 mM Ca-solution (Fig. 3, between A and B) , the action potential appeared in about 3 sec and attained the full amplitude in 10-15 sec. The small Vol. 28, No. 1, 1978 delay for the recovery of the action potential in 14 mm Ca-solution was always observed, even if the bathing solution was exchanged rapidly, and it was not necessarily attributed to the slow rate of the exchange of the solution. The action potential duration at the level of -30 mV was 45 msec in the record of Fig. 3C and 42 msec in Fig. 3L . The tension accompanied by the first action potential was small (Fig. 3C ) and it continued to increase for more than 60 sec ( Fig.  3C -K) to attain the steady amplitude. In Fig. 5A , the amplitudes of action potential and of tension were plotted against the time after the exchange of the solution. The time course of the recovery of action potential height was rapid but that of tension was nearly exponential with the time constants of 15-40 sec depending on the muscle fiber radius. The recovery times of tension obtained from the different muscle fibers are listed in Table 2 . When the external Ca concentration was suddenly changed from 14 to 0 mm, the tension started to decrease immediately (Fig. 4B) and was markedly reduced The same fiber as in Fig. 3 . in 15 sec (Fig. 4C, D) , while the action potential was still present. Finally, the regenerative response disappeared and the contraction was also diminished (Fig.  4F) . The time courses of the decreases in action potential height and in tension are illustrated in Fig. 5B . It was first expected that the tension as well as the action potential disappeared rapidly after the change in Ca concentration from 14 to 0 mm, because, as shown in Fig. 1 , the tension was no longer detected below 3.5 mm Ca. One of the explanations for the survival of the action potential for about ten sec after introducing Ca-free solution is that Ca ions responsible for the action potential generation and the contraction are bound to some sites of the membrane and that the dissociation of Ca from these sites may require 10 or 15 sec. It is also possible to explain that the tubular membrane produces the regenerative response and the recorded potential indicates the average of the potentials across surface membrane and tubular membrane. The changes in the action potential heights and in tensions with the change in Ca concentrations were completely reversible. Moreover, the rate of the increase in tension was independent of the period that the muscle fiber was exposed to Ca-free solution (Fig. 6) . Even though Ca concentration was increased to 14 mm before the tension had been completely diminished in 0 mm Ca-solution, the tension was established to the steady amplitude not instantaneously but gradually (Fig. 6E, F NAKAJIMA et al. (1975) illustrated the way to calculate the diffusion coefficient of Na inside the TTS of the frog twitch muscle fiber. A simple way was followed in the present study. As shown in Fig. 1 , the tensions in 10.5 mm Ca-solution were 0.73, 0.67, and 0.66 of the tensions in 14 mm Ca-solution, the average being 0.68. Then, it was assumed that when the tension had recovered to 0.68 after the increase in Ca concentration from 0 to 14 mm, the average Ca concentration inside the TTS would be 10.5 mm. According to NAKAJIMA et al. (1975) , the apparent diffusion coefficient, D', was described by the equation, (1) where T is the time related to the average concentration inside a cylinder and t is the recovery time. At the ratio of the concentrations of 10.5/14=0.75, T is 0.1764. The values of D' can be calculated and they are listed in Table 2 .
Diffusion coefficient of Ca inside TTS

Effects of viscosity of the external solution on the rate of action of Ca
The rate of action of Ca on the tension recovery was expected to be further delayed if the viscosity of the solution is increased. The viscous solution was prepared by adding Dextran-20 to the solution at the concentration of 10 w/v o. * Fibers No . 1 through 8 were exposed to the solutions containing constant Ca+ Mg=56 mm and procaine (prepared by mixing solutions (2) and (3) in Table 1 ). Fibers No. 9 through 12 were exposed to the solutions containing constant 56 mm Mg and additional Ca and procaine (prepared by mixing solutions (2) and (4) in Table 1 ). Table  3 . suddenly increased from 0 to 14 mM in the presence of excess Mg and procaineHCl. The results showed that the all-or-none type action potential appeared rapidly but the associated contraction attained the steady amplitude in about one minute. This tension recovery was further slowed by the increase in the viscosity of the bathing solution, and it could be attributed to the diffusion delay of Ca into the TTS. Then, it was postulated that Ca entry through the TTS membrane was the first step in excitation-contraction coupling of the crayfish muscle fibers. There may be some questions about the quantitative investigation on the time course of the tension recovery. First, the speed of the exchange of the solution was not so fast, otherwise the muscle fiber would be damaged by the vibration of the intracellular electrode. It is apparent, however, that the solution must have been completely exchanged at the time the action potential attained the steady amplitude. Therefore, the time course in tension recovery, except the initial several seconds, will not contain any errors due to the speed of the exchange of the solution.
According to HEISTRACHER and HUNT (1969) , procaine did not affect the relationship between tension and membrane potential but only slowed the repriming rate after the inactivation of contraction had once occurred. HAGIWARA et a!. (1969) showed that procaine reduced the K current but did not change the inward Ca current in barnacle muscle fibers. So, if the entered Ca from the medium during action potential is directly related to the contraction, procaine will not affect the tension output. Procaine will not reduce the tension either, if Ca available for contraction comes from the stored site inside the muscle cell by way of "depolarization" -induced Ca release mechanism (THORENS and ENDO, 1975; ENDO, 1977) . Mg ions are known to decrease the tension by stabilizing the excitation-contraction coupling process (MATSUMURA, 1972; GUILHERME et al., 1972) . In the present experiments, procaine and excess Mg were altogether contained both in 0 mM Ca-and in 14 mM Ca-solutions. Therefore, even if they had decreased the peak tension, they would not modify the time course of the tension recovery.
The non-contracting sarcomeres will act as a viscoelastic material in series with the contracting sarcomeres. NAKAJIMA and BASTIAN (1974) clearly explained that the recorded tension indicated the shortening of the contracting sarcomeres.
If the curve relating tension to Ca concentration shown in Fig. 1 involves the change in the number of the contracting myofibrils, it may lead some errors into calculation of the diffusion coefficient. But, this seems not to be possible, because (1) the action potential height changes only a little with 2 or 4 fold change in Ca concentration, (2) the resistance of the resting membrane or the threshold membrane potential is kept constant because of the presence of excess Mg, and (3) as the action potential conducts in three dimensions the area where the outward current passed through the local circuit would be greatly increased and the current density be decreased, and thus the distance for the action potential conduction is Vol.28, No.1, 1978 
